Because knowledge of the sequence of the human genome does not in itself confer systemic understanding of the dynamic molecular processes operative in many diseases, new areas of biological research are needed to relate gene expression to phenotype. The analysis of the products of gene activity in the cell, namely RNA, protein and metabolites, may offer deeper insight into higher levels of molecular expression that more accurately reflect physiological processes in relation to genetic, developmental or environmental changes, as well as offering a better assessment of drug toxicity.
Introduction
Because knowledge of the sequence of the human genome does not in itself confer systemic understanding of the dynamic molecular processes operative in many diseases, new areas of biological research are needed to relate gene expression to phenotype. The analysis of the products of gene activity in the cell, namely RNA, protein and metabolites, may offer deeper insight into higher levels of molecular expression that more accurately reflect physiological processes in relation to genetic, developmental or environmental changes, as well as offering a better assessment of drug toxicity. [1] [2] [3] [4] Several technologies have already been developed for functional genomic studies using transcriptome (RNA) and proteome (protein) analyses. Metabolites represent hundreds of diverse classes of small organic molecules, including amino acids, nucleotides, carbohydrates, steroids, carboxylic acids, vitamins and coenzymes. Two related metabolite-based research areas have recently been initiated; metabolomics is defined as a comprehensive analysis of metabolites and metabolite pathways in cells, whereas metabonomics is focused on the quantitation of metabolite levels in whole organisms by the analysis of biological fluids. 1 Although several techniques exist for metabolite detection, there is currently no single method adequate for the routine separation and quantitation of global metabolite profiles. Among the most promising methods for comprehensive metabolite analysis is liquid chromatography with NMR 1,2 or mass spectrometry 3, 4 detection. However, the poor sensitivity of NMR and limited ionization efficiency of MS restrict the applicability of these methods to certain classes of metabolites and sample matrixes. Thus, multiple approaches to metabolite analysis are needed for future metabolomic studies using complementary separation and detection modes.
Capillary electrophoresis (CE) offers a unique platform for carrying out separations that may be useful for future metabolomic studies. 5 Advantages of CE include rapid and high resolution separations using aqueous-based buffers that require small sample volumes compared to HPLC methods. High-sensitivity analysis and qualitative identification of metabolites may be realized using laser-induced fluorescence 6 and mass spectrometry 7 modes of detection, respectively. Highthroughput analysis can also be realized by multiplexed CE (capillary array format), as highlighted by its important role for rapid DNA sequencing used in the Human Genome Project. 8, 9 Recently, commercial instruments for multiplexed CE using UV absorbance have been developed, 10, 11 which can be applied to detect a large number of UV-active metabolites and drugs. However, the concentration sensitivity of CE when using UV detection is normally greater than micromolar levels because of the short optical pathlength and small injection volumes (less than 10 nL), which is often insufficient to detect trace levels of metabolites in real samples. Off-line sample preconcentration by solid-phase extraction can be used to enrich a sample prior to separation. Another way to improve the sensitivity in CE when using UV detection is to take advantage of the strong electric field and tunable mobility properties of the analytes within the capillary using multi-section electrolyte systems. On-line sample preconcentration offers a direct and fully compatible method to enhance the sensitivity in CE by electrokinetic focusing of large volumes of sample prior to detection. Since the analyte velocity is affected by the local properties of the electrolyte solution, multiple segments of electrolytes that possess different properties (e.g., buffer co-ion mobility, pH, ionic strength, additive concentration, etc.) may be used to induce the focusing of specific analytes within extremely large injection volumes.
Sample stacking, 12-16 transient isotachophoresis (t-ITP), [17] [18] [19] [20] sweeping [21] [22] [23] [24] and dynamic pH junction [25] [26] [27] [28] represent complementary on-line focusing techniques in CE to focus specific classes of analytes. Recently, dynamic pH junction-sweeping has been reported as a new hyphenated on-line focusing technique in CE, which permitted the picomolar analysis of flavin metabolites in biological samples. 6, 29 An improved understanding of the mechanism of analyte band narrowing, as well as methods to rapidly optimize the focusing conditions are required for researchers to apply online focusing techniques in routine CE separations.
The purines represent an important class of metabolite, which serve as vital precursors for the biosynthesis of DNA and RNA nucleotides in a cell. Purine derivatives are also widely used as food additives and therapeutic drugs. 30 The analysis of purine levels in biological fluids plays an important role in the diagnosis of a variety of metabolic disorders, such as xanthinuria, foetal hypoxia, kidney stone formation and purine nucleoside phosphorylase deficiency. 31, 32 Modified purines excreted in urine have also been used as potential biomarkers for the early detection of cancer. 33, 34 Recently, the on-line focusing of xanthine and other purine derivatives was reported by CE with a single capillary by dynamic pH junction. 28 In this report, on-line focusing by dynamic pH junction, in conjunction with multiplexed CE using UV detection, is demonstrated as a novel method for the sensitive and high-throughput analysis of purine metabolites.
Over a 50-fold enhancement in concentration sensitivity compared to conventional injections is realized by this technique. Multiplexed CE with dynamic pH junction represents a promising new tool for sensitive metabolomic studies useful in biochemical, pharamaceutical and clinical research.
Experimental

Apparatus and procedure
Separations were performed on a CombiSep MCE 2000 multiplexed capillary electrophoresis system (CombiSep Inc., Ames, IA, USA). The current instrument setup uses a 96-capillary array immersed in a single outlet buffer reservoir, whereas the inlet side has individual capillaries and electrodes aligned to be compatible with standard 96 microtiter plates (Costar, Corning Inc., NY, USA) used for sample loading or the inlet buffer reservoir. Uncoated capillaries prepared in a capillary array box (CombiSep Inc.) were used with inner diameters of 75 µm, a capillary length to detector of 55 cm and a total length of 85 cm. New capillaries were rinsed (280 kPa, 5 min) every morning with 0.1 M HCl, deionized water, 0.1 M NaOH, followed by rinsing for 10 min with the separation buffer. Each separation was preceded by a 5 min rinse with 0.1 M NaOH, and a 10 min rinse with the separation buffer, which was then followed by a 1 min pre-separation voltage application. The sample was then introduced using a lowpressure (3.5 kPa) vacuum injection ranging from 1 to 100 s. The average flow rate of the low pressure injection was determined to be 0.0907 cm/s using an 85 cm capillary, which was used to estimate the injection bandwidth. 26 The conductivity of the solutions was calculated by measuring the electric current generated when a capillary of known dimensions was filled with solution at a specified voltage. All of the separations were carried out at room temperature, and simultaneous absorbance detection of the 96 capillary array was measured using a photodiode array detector with a 214 nm bandpass filter. Samples were prepared in standard 96 well microtiter plates, which were used to determine the optimum purine focusing conditions. Data were collected using MCE Manager software (CombiSep Inc.). Because of the close arrangement of the capillaries and the lack of a coolant system, separations were carried out below a total current level of 40 mA to minimize the Joule heating, which can also extend the capillary lifetime. The voltage applied for multiplexed CE separations was 10 kV, which generated a total current of about 2.8 mA. The purine migration times and the peak areas were normalized relative to the internal standard, theobromine, to calculate the inter-capillary precision based on 12 different capillaries performed on two alternate days. Calibration lines for purines were carried out over a 100-fold concentration range (4, 10, 40, 100 and 400 µM) in duplicate, which were normalized to 40 µM theobromine as the internal standard. A linear regression of the calibration lines generated R 2 values of 0.9999, 0.9999, 0.9997, 0.9993 and 0.9999 for adenine, guanine, allopurinol, hypoxanthine and xanthine, respectively.
Chemicals and reagents
The aqueous background electrolyte (BGE) consisted of 70 mM borate (Borax, Wako, Osaka, Japan). The pH of the separation buffer was adjusted by using 1.0 M NaOH (Kanto Chemical Co. Inc., Tokyo, Japan) to generate a pH of 9.5. The BGE used for all experiments was 70 mM borate, pH 9.5, unless otherwise indicated. Hydrogen carbonate and sodium monophosphate were purchased from Wako, and their pH was adjusted with 1.0 M NaOH. All buffers were passed through 0.2 µm filter prior to use. The purine standards, which included deoxyadenosine, adenine, guanine, theobromine, hypoxanthine, xanthine and allopurinol, were all purchased from Wako. Stock solutions of analytes were prepared by dissolving approximately equal concentrations (1 × 10 -2 M) of each purine in deionized water and stored in a refrigerator at 4˚C. These stock solutions were then further diluted with the appropriate sample matrix in a microtiter plate reservoir prior to injection into the capillary. The peaks were identified by spiking the sample solution with standard solutions of each purine.
Urine samples
Human urine was collected mid-stream from a healthy volunteer immediately after rising in the morning. Urine was refrigerated at 4˚C and used within the same day for CE analysis. Urine samples were diluted 20-fold in 20 mM phosphate, pH 6.0 and centrifuged (2 min at 10000 rpm) prior to injection.
Results and Discussion
Rapid optimization of purine focusing by multiplexed CE
The injection lengths in CE are normally limited to less than 1% of the capillary length because of sample overloading. 35 The sample matrix plays a vital role in determining the peak sharpness and overall separation efficiency, which is a fundamental principle applied in designing on-line preconcentration methods in CE. In general, two electrolyte segments, the sample and BGE, are selected so that the analyte velocity is modified within these two regions, providing an electrokinetic driving force to overcome the effects of diffusion. 6 For example, sample stacking relies on the use of a low ionic strength (low conductivity) sample matrix to amplify the local analyte velocity relative to BGE, thereby focusing large injection volumes to enhance the sensitivity. Other sample properties, such as buffer co-ion type, pH, and additive (e.g., micelle) concentration, can also be selected to focus 100 ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 specific types of analytes using t-ITP, dynamic pH junction and sweeping, respectively. Multiplexed CE represents a convenient platform to rapidly determine the sample conditions for the optimum analyte focusing and resolution, since up to 96 different sample conditions can be changed simultaneously. In this study, the differences in sample buffer type (co-ion), pH and ionic strength were the three main factors examined to optimize purine focusing based on a previous report. 28 Figure 1 depicts a series of 12 electropherograms (capillary #49 to #60 in the array) derived from multiplexed CE experiments, which were used to optimize purine focusing by systematically changing the sample matrix conditions. In all cases, the separation buffer was 70 mM borate, pH 9.5, and a large sample volume of 80 s (7.2 cm or 13.1% of capillary length to detector) was injected. Six different purine test analytes (40 µM) were analyzed, including the xanthine oxidase inhibitor allopurinol, which is a drug used for the treatment of chronic gout (hyperuricemia). 36 Deoxyadenosine was selected as a neutral EOF marker, whereas theobromine was used as an internal standard to normalize the inter-capillary migration times and peak areas as a result of differences in the electroosmotic velocity, optical alignment of the capillary to the detector, injection volume and temperature.
11,37
Figure 1(a) demonstrates the effect of normal band broadening if the sample is dissolved in borate buffer (continuous electrolyte system), resulting in extremely broad purine peaks because of sample overloading. Figure 1(b) shows significant purine focusing by conventional sample stacking when the sample is dissolved in a 10-fold diluted borate buffer (7 mM); however, the separation resolution is poor. Normally, sample stacking is limited to a modest sensitivity enhancement (less than 10-fold) because of the large voltage drop across the BGE zone, unless the low conductivity sample zone is removed from the capillary by polarity switching or dynamically coated capillaries to reverse the EOF flow. [38] [39] [40] [41] Figures 1(c) and (d) demonstrate the effect of changing the buffer co-ion type (the pH is the same as BGE) in the sample matrix using 20 mM carbonate and phosphate, respectively. Sample self-stacking via t-ITP has been reported for low concentrations of analytes, which possess mobilities intermediate to leading and terminating co-ions in the sample and BGE, respectively. 18, 20 In this case, borate may play the role of terminating co-ion because of its low electrophoretic mobility, whereas phosphate and carbonate act as the leading co-ions. As depicted in Figs. 1(c) and (d) , partial focusing of the purine peaks was observed, but significant peak splitting resulted in poor resolution. In contrast, when the sample pH of phosphate is lowered from 9.5 to 3.0 and 6.0, as shown in Figs. 1(e) and (f), respectively, a dramatic improvement in the peak focusing and resolution is realized for all purine metabolites. Neutral analytes (deoxyadenosine) are not focused by this technique, since their mobility is zero and is unaffected by the buffer pH, which results in extremely broad zones. On-line focusing of neutral analytes in CE can be performed by sweeping 21 or dynamic pH junction-sweeping. 6 Thus, both the sample pH and buffer co-ion type influence the analyte focusing performance. Normally, t-ITP experiments are carried out under suppressed EOF conditions where leading and terminating co-ion zones have the same pH. 20 Since the pKa's of adenine, hypoxanthine and xanthine are about 9.8, 8.9 and 7.4, respectively, the mobility of the purines are significantly lower in a weakly acidic sample matrix relative to borate buffer. 42 A dual mechanism involving dynamic pH (buffer pH) and t-ITP (buffer co-ion mobility) modes was proposed to enhance the purine focusing performance when employing buffer pH junctions based on different types of electrolyte coions. 28 Analyte focusing by dynamic pH junction is primarily influenced by pH changes when using the same buffer type in the sample and BGE, except for analytes that complex with borate. 26, 27 Two previous CE studies reported on-line focusing of theophylline and hypoxanthine analytes by "pseudo" t-ITP using either acetonitrile-salt or phosphate in the sample matrix, respectively. 43, 44 However, the mechanism of analyte focusing and the role of the sample pH is unclear. Further research is required to investigate the role of pH differences in the sample and BGE zones when using mixed buffer junctions to focus 101 ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 Fig. 1 Series of 12 electropherograms showing rapid optimization of purine focusing by multiplexed CE with UV detection. The sample matrix conditions are changed in terms of the buffer type, pH and ionic strength. The BGE used in all cases was 70 mM borate, pH 9.5 and large volumes of sample are injected for 80 s (about 13.1 cm). All sample solutions contained 40 µM purine in a sample matrix consisting of: (a) 70 mM borate, pH 9.5, (b) 7 mM borate, pH 9.5, (c) 20 mM carbonate, pH 9.5, (d) 20 mM phosphate, pH 9.5, (e) 20 mM phosphate, pH 3.0, (f) 20 mM phosphate, pH 6.0 (optimum conditions), (g) 10 mM phosphate, pH 6.0, (h) 25 mM phosphate, pH 6.0, (i) 40 mM phosphate, pH 6.0, (j) 50 mM phosphate, pH 6.0, (k) 75 mM phosphate, pH 6.0 and (l) 100 mM phosphate, pH 6.0. Conditions: voltage, 10 kV; capillary length, 80 cm; capillary length to detector, 55 cm; total current, 2.8 mA; UV @ 214 nm. Analyte peak numbering corresponds to: 1-deoxyadenosine (EOF marker), 2-adenine, 3-guanine, 4-theobromine, 5-allopurinol, 6-hypoxanthine, and 7-xanthine. analytes and its relationship to conventional ITP.
The ionic strength of the sample matrix relative to BGE also plays an important role in analyte focusing, as highlighted in Figs. 1(g) -(l) . As the ionic strength of phosphate is varied from 10 mM to 100 mM, purine focusing gradually deteriorates (above 50 mM), most notably for the low-mobility purine species. Figures 1(g) -(l) clearly illustrate the transition from stacking (peak sharpening) to destacking (peak broadening) for purine analytes when using large volume injections. In this study, the optimum conditions for purine analysis in terms of peak focusing and resolution was determined to be 20 mM phosphate, pH 6.0. The conductivity of the solutions was measured to be 3.66 and 2.05 × 10 -3 Ω -1 cm -1 for 70 mM borate, pH 9.5 and 20 mM phosphate, pH 6.0, respectively, which indicates that focusing occurs mainly under non-stacking conditions. Although only 12 different capillaries were used in this study, up to 96 different sample conditions can be selected to rapidly determine the optimum conditions for focusing of selected analytes with total analysis times under 1 h (including rinsing cycles) by multiplexed CE.
Method validation of dynamic pH junction multiplexed CE
The performance of purine analysis by dynamic pH junction multiplexed CE was validated in terms of the sensitivity, linearity and reproducibility. Figure 2 illustrates the purine sensitivity enhancement and peak sharpness when using a conventional small-volume injection (2 s or 0.18 cm) in a continuous borate buffer versus a large-volume injection (80 s or 7.2 cm) by dynamic pH junction. The concentration of purines in Fig. 2(b) is diluted 100-fold relative to that of Fig.  2(a) to generate a concentration of 0.40 µM. Despite injecting over a 40-fold increase in the sample volume in Fig. 2(b) , the purine peaks are in fact sharper than in Fig. 2(a) . For instance, guanine is nearly two-times narrower when using a dynamic pH junction, reflected by a detector bandwidth of 0.43 cm compared to 0.84 cm for normal band broadening processes shown in Fig. 2(a) . The detector-to-injection bandwidth ratio (DIBR) was recently introduced as a new term to quantify the magnitude of analyte focusing during separation. 6, 25 DIBR values <1 signify band focusing, in contrast to normal band broadening (DIBR>1). Overall, the guanine zone is focused over 17-fold compared to the initial injection plug length, resulting in a DIBR of 0.0060. Over a 50-fold enhancement in concentration sensitivity was realized when using a dynamic pH junction compared to conventional injections, resulting in a limit of detection (LOD, S/N = 3) for the purines ranging from 8.0 × 10 -8 M to 2.0 × 10 -7 M with UV detection at 214 nm. The sensitivity can be further enhanced by using larger injection volumes together with a longer and wider capillary; however the resolution of the separation may be compromised for complex sample mixtures. The linearity of the method was assessed by duplicate measurements of five different purine Over a 50-fold enhancement in sensitivity is realized by dynamic pH junction relative to conventional injections. Other conditions and analyte peak numbering are the same as Fig. 1 . Fig. 3 Two graphs illustrating the inter-capillary reproducibility in multiplexed CE experiments when using an optimized dynamic pH junction with 12 different capillaries performed on alternate days. The capillary number (#49 to #60) is plotted versus (a) the normalized (relative to theobromine) migration times and (b) the peak areas using 120 data points for five purines. The data markers on the graphs represent: ( ) adenine, ( ) guanine, ( ) allopurinol, ( ) hypoxanthine, and ( ) xanthine. The samples contained 40 µM purines in 20 mM phosphate, pH 6.0 which were injected for 80 s.
Other conditions are the same as in Fig. 1 .
standards over a hundred-fold concentration range (0.4 µM to 400 µM) using normalized peak areas. Excellent linearity was achieved using this method, reflected by an average R 2 of 0.9997, derived from calibration lines for five purine metabolites. Although the electrophoretic mobility is a characteristic property of analytes in a defined electrolyte medium (i.e., the buffer pH, ionic strength, solution viscosity and temperature), the reproducibility of analyte migration time in CE is fundamentally poor due to random changes in EOF, which is caused by differences in the capillary surface. Another source of variance unique to multiplexed CE that impacts peak quantitation is minor differences in the optical alignment of each capillary window to the detector. The inter-capillary precision can be minimized by appropriate pre-separation rinsing, as well as the use of internal standards to normalize the analyte migration times and peak areas. 37 Figure 3 illustrates the inter-capillary reproducibility (120 data points) based on a dynamic pH junction multiplexed CE analysis of purines (40 µM) using 12 different capillaries on two alternate days.
Figures 3(a) and (b) depict the normalized migration times and peak areas as a function of capillary number. The intercapillary precision was determined to be excellent, as reflected by the average relative standard deviation (%RSD) of 1.76 and 2.38 for the normalized purine migration times and peak areas, respectively. Thus, multiplexed CE using a dynamic pH junction with UV detection permits the sensitive and reproducible analyses of purines, which can also be applied to other metabolites, such as catecholamines, nucleosides, nucleotides and flavin coenzymes.
25-29
Future prospects for metabolomic studies by multiplexed CE
Since metabolites are chemically diverse species that vary over five orders of magnitude in concentration, future separation methods require exquisite selectivity and sensitivity. Furthermore, metabolite separation and detection techniques should be compatible with complex biological matrixes, such as cell extracts or biological fluids. Preliminary experiments using dynamic pH junction multiplexed CE were performed on urine, since the quantitation of urinary purines has clinical value in the diagnosis of a variety of metabolic diseases, as well as being potential biomarkers for the prognosis of cancer. 33, 34 The multiplexed CE platform would be extremely useful for highthroughput metabolite screening in a clinical environment. Figure 4(a) shows the analysis of a diluted urine sample (20-fold dilution in 20 mM phosphate, pH 6), whereas Fig. 4 (b) depicts urine spiked with 10 µM of three different purines used in this study. Urine is often diluted prior to analysis in CE because of the extremely high levels of salts that can deteriorate the separation performance and reproducibility. It is apparent that the electropherogram in Fig. 4(a) is extremely complex because of the large number of UV-active anionic metabolites in urine that results in significant chemical interferences. Under the selected buffer conditions, only theobromine and hypoxanthine were resolved and identified by spiking, whereas xanthine co-migrated with uric acid, which is one of the major urinary metabolite species. A previous CE study using dynamic pH junction demonstrated baseline resolution of xanthine from uric acid when employing higher borate buffer ionic strength conditions. 28 Unambiguous identification of purine peaks can be carried out by selective enzymatic reactions and analysis by CE in conjunction with detection by NMR or mass spectrometry. Despite the large injection volumes and the high levels of salts in urine samples, spiked purine peaks are still sharp, as reflected by the detector bandwidth for hypoxanthine of 0.73 cm in Fig. 4(b) . Further work is needed to better optimize the separation conditions for analysis of specific classes of metabolites in complex sample matrixes. The use of acidic buffer conditions for selected purine, nucleoside and amino acid analytes has been reported to reduce the chemical interferences in urine analysis by CE, since fewer metabolites are cationic. 45 Subsequent efforts will be directed at optimizing several buffer conditions (e.g., buffer pH, micelle or cyclodextrin concentration, etc.) for the resolution of specific classes of metabolites, in combination with on-line preconcentration techniques, such as sweeping, dynamic pH junction or dynamic pH junction-sweeping. Although current multiplexed instruments use a single outlet buffer reservoir, different segments of capillaries may be filled by vacuum using several optimized buffer conditions. This would represent a truly "multiplexed" platform towards comprehensive and sensitive metabolite analyses using on-line preconcentration multiplexed CE. Multiplexed CE can also be used orthogonal to HPLC for multidimensional separations by collecting fractions of complex samples using 96 microtiter plates with the aid of a microfraction collector. 46 
Conclusion
A sensitive and high-throughput analysis of purine metabolites was realized by dynamic pH junction multiplexed CE. This on- The analyte peak numbering corresponds to: 1-theobromine, 2-hypoxanthine and 3-xanthine. Under the selected buffer conditions, xanthine co-migrates with high concentrations of uric acid.
The other peaks correspond to unidentified urinary metabolites.
line focusing technique is compatible with current commercial instruments, since the sample matrix conditions can be rapidly optimized using a 96 microtiter plate platform for sample loading. Large volumes of the sample are focused into narrow analyte bands (less than 0.40 cm) to enhance the concentration sensitivity in multiplexed CE by over 50-fold with an LOD of less than 8.0 × 10 -8 M when using UV detection. The intercapillary precision and linearity were determined to be excellent when using normalized migration times and peak area. Purine focusing is tuned by changes in the analyte velocity in the sample and BGE segments through differences in the buffer type, pH and ionic strength (conductivity). Multiplexed CE is a convenient platform for rapid method development, since the optimum focusing and separation conditions, sample spiking for analyte identification, standards for calibration curves and reproducibility studies, can be performed simultaneously during a single run using a 96-capillary array. Although mass spectrometry and NMR detection offer greater information content for analyte identification, dynamic pH junction multiplexed CE is envisioned to be a practical alternative for the sensitive and high-throughput screening of hundreds of known UV-active metabolites present in a cell such as nucleotides, coenzymes and aromatic acids. Other metabolites (e.g., amino acids, sugars, etc.) that do not possess strong chromophores may be detected by selective UV derivatization that can be performed directly on-capillary. 47 The potential for performing high-throughput analyses of urinary purines was also demonstrated by dynamic pH junction multiplexed CE, which would be particularly useful in a clinical setting for large sample screening. Further work is aimed at improving the selectivity and focusing performance of other classes of metabolites using multiplexed CE for future metabolomic studies.
